Split-root labelling to investigate 15N rhizodeposition by Pinus sylvestris and Picea abies Veerman, L.; Kalbitz, K.; Schoorl, J.C.; Tietema, A. 
N natural abundance level. 15 N was transferred from one side of the root system ( 15 N side) to the other side ( 14 N side) and released into the soil. The method was conducted with Scots pine (Pinus sylvestris L.) and Norway spruce (Picea abies [L.] Karst). Two concentration levels of (NH 4 ) 2 SO 4 were used, corresponding with annual N deposition in the Netherlands (30 kg N ha -1 ) and a twelfth of that (2.5 kg N ha −1 ). Samples were taken 3 and 6 weeks after labelling and divided into needles + stem, roots, rhizosphere and bulk soil. Already 3 weeks after labelling, Scots pine took up 23.7 % of the low and 9.1 % of the high amounts of 15 N, while Norway spruce took up 21.5 and 32.1 %, respectively. Both species transported proportions of 15 N to the rhizosphere (0.1-0.2 %) and bulk soil (0.3-0.9 %). The method is a useful tool to investigate the fate of root-derived N in soils, for example, for the formation of stable forms of soil organic matter.
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Introduction
Trees can release organic nitrogen from their roots into the soil through rhizodeposition [1] .The rhizodeposits can vary from low-molecular-weight soluble root exudates to highmolecular-weight insoluble substances [2] . The amount, type and function of these N-rich rhizodeposits are controlled by various biotic and abiotic factors such as moisture stress, vegetation type, soil type and microbial activity, influencing nutrient availability and organic matter dynamics in the soil [2, 3] . As described by the multi-layered model of Kleber et al. [4] , organic N compounds might be important for the stabilization of soil organic matter (SOM), due to the preferential adsorption of N-rich compounds to juvenile mineral surfaces.
Rhizodeposition of (in)organic N compounds can be investigated with several 15 N enrichment techniques, which are applied either above ground: leaf or stem labelling [5, 6] , or below ground: root labelling [7] . The latter approach follows direct uptake of 15 N via the roots and can be carried out by transplantation of previously labelled plants [8, 9] or via split-root labelling [10, 11] . Most of the 15 N enrichment studies focused on 15 N rhizodeposition in crop systems [3, 12] , while there is a knowledge gap on N rhizodeposition in forest ecosystems [13] . To be able to mimic the situation in a forest as much as possible, split-root labelling seems the most suitable method because this method follows the physiological pathway of N assimilation via roots and allows relatively homogeneous enrichment in all N pools, already in an early stage after labelling [3] .
This split-root labelling technique enables the detection of root-derived N among the different pathways of N in forest soils. The potential of this technique will be investigated using two commonly occurring European coniferous species, Scots pine (Pinus sylvestris L.) and Norway spruce (Picea abies [L.] Karst). These species have different root structures depending on their function in a specific ecological niche [14] . However, when growing conditions are kept similar, flexibility in root development can produce similar root structures [15] . Experiments related to N uptake by coniferous seedlings showed a fast immobilization of especially ammonium (NH + 4 ), within a few hours [16, 17] , though the time it takes for these conifers to release N back in the soil is unclear. Several studies [18] [19] [20] show that conifers prefer uptake of NH 4 levels are too high, it might cause seedling mortality due to toxicity [19, 20] . Furthermore, high N addition might promote higher levels of mineral N rhizodeposition instead of organic N rhizodeposition [5] .
The objective of this study was to test the suitability of the split-root method to measure 15 N rhizodeposition by coniferous tree seedlings and to investigate useful time frames and 15 N addition levels. This was investigated with Scots pine and Norway spruce seedlings at low and high levels of 15 N-(NH 4 ) 2 SO 4 over a period of 3 and 6 weeks. We hypothesized that after 3 weeks, 15 N would be released by the roots in the soil compartment where it was not added. We expected to find higher 15 N rhizodeposition in Norway spruce due to its higher above-(needles + stem) and belowground (roots) tree biomass and its dominant lateral root structure in natural environments [13] . It was expected that 15 N rhizodeposition levels would be higher when higher concentrations of 15 N were added because there would be more 15 N available for the trees to take up. Furthermore, we expected 15 N levels to increase in the soil over time, due to microbial immobilization of organic and inorganic N rhizodeposition.
Methods
Experimental design
Twenty-two-year-old Scots pine (15 cm long) and 22-year-old Norway spruce (30 cm long) seedlings were planted individually in a split-root set-up ( Figure 1 ). The plants were incubated in a greenhouse from November 2015 till January 2016. Prior to plantation, the roots were washed with water to remove the potting soil and separated in two (optically) equal parts. The plants were planted during autumn/winter time, when the sap flow was less active; to overcome desiccation of the roots. Greenhouse temperature was kept a 20°C. The soil compartments were filled with approximately 2.4 kg sand derived from a haplic podzol from an experimental site at Oldebroek, the Netherlands [21] . We used sand from the B-horizon of a depth of 5.5-27.0 cm (pH 4.3; C/N ratio 17.7), more details about the soil can be found in [21] . The sandy soil was sieved and homogenized prior to plantation. The seedlings were watered three times per week, to average soil moisture content (W d ) of 0.15 ± 0.04. (NH 4 ) 2 SO 4 was injected in the soil at 8 fixed positions with 12-cm long needles. This was done to equally spread the amount of added (NH 4 ) 2 SO 4 in each pot and to minimize the change of contamination at the 14 N side of the set-up. The needles were connected to a syringe pump, which pumped the (NH 4 ) 2 SO 4 solution into the soil while the needles were pulled towards the soil surface at a constant speed. The soil containers were injected either with high (17.4 N) side. The concentration corresponded with the annual N deposition in the Netherlands (30 kg N ha -1 ) [22] and with one-twelfth of that (2.5 kg N ha -1 ).
Harvest and laboratory analysis
Prior to N additions, reference samples were taken from above-(needles + stem) and belowground parts (roots, rhizosphere and bulk soil) ( Figure 1 (A)) in order to measure the natural abundance of 15 N. Then, 3 and 6 weeks after labelling, the abundance of 15 N was analysed in these N pools at both 15 N and 14 N sides ( Figure 1(B) ). At each time step, three seedlings of each species and treatment were harvested (12 trees per harvest). During harvest, trees were cut at ground level, and the above ground parts were separated into needles and stem. The roots were carefully removed from the bulk soil, while the rhizosphere soil was still attached to the roots. The roots were washed with 45-ml water to separate the rhizosphere soil from the roots. Plant material was freeze-dried and soil samples were oven-dried at 40°C. After drying, the soil samples were sieved (2 mm diameter) and ground with a ball mill. Organic samples were ground with a centrifuge mill, all to a homogenous powder. Approximately 10 g of the moist soil samples were dried at 105°C to calculate total dry mass (g). 15 N was analysed in all samples (10 mg organic and 40 mg mineral) with a continuous flow elemental analyser (Vario ISOTOPE cube, Hanau, Germany) connected to an isotope ratio mass spectrometer (Vision Isoprime, Manchester, UK). Reference gas (high-purity N 2 gas) was calibrated to atmospheric N 2 standard (at-air) using certified reference materials (IAEA-N2, IAEA-NO3 and USGS-32; from the International Atomic Energy Agency, Vienna). 
in which R is the molar ratio of 15 in the rhizosphere and the bulk soil, in proportion to the N pool sizes (g N).
Assumptions
Both methods that were used to estimate 15 N rhizodeposition assume (1) a homogenous 15 N distribution of the tracer within the N pools. Furthermore, 15 N rhizodeposition based on the Janzen and Bruinsma equation [24] assumes (2) comparable 15 N enrichment levels in both roots and rhizodeposits.
Data analysis
With the limited amount of observations per treatment and tree species (n = 3), normality of the data set could neither be accepted nor rejected. Assuming that the data set was normally distributed, we performed an independent (differences between species and treatments) and paired (change over time) two-tailed t-test with Welch correction for non-homogeneity of variance in R. (at the 14 (Figure 3(A) ). Six weeks after labelling, these levels increased towards 37.5 and 23.7 %, respectively (Figure 3(B) ). For Norway spruce this was 21.5 and 32.1 % after 3 weeks (Figure 3(C) ), and 23.2 and 36.0 % after 6 weeks (Figure 3(D) ), for the low and high treatment, respectively. The 15 N recovery values for the N pools are also shown in Table 1 , combined with the associated 15 N abundance levels and pool sizes.
Results
Enrichment and recovery of
N side) in the various N pools are visualized in Figure 3. It shows a fast uptake
Treatment effects
Treatment effects were most evident when looking at the 15 N abundance levels ( Table 1) .
Especially Norway spruce showed significant higher abundance levels in the needles + stem and roots within the high treatment compared with the low treatment. In Scots pine, significant higher abundance levels were only found in the needles + stem at time 6 within the high treatment (P < .1). Still the average abundance values of the high treatments were always higher compared with the low treatment, confirming our expectations that the trees took up more 15 N when there was more 15 NH + 4 available. 15 N recovery levels in the (above-and belowground on the 14 N side) Scots pine N pools were generally higher within the low treatment compared to the high treatment, most likely because a relatively larger proportion of 15 N remained behind at the 15 N side of the set-up within the high treatment ( Figure 2 ). In the bulk soil samples of Scot pine, this resulted in significant higher recovery levels (P < .1; P < .05) in the low treatment in comparison with the high treatment at both time steps. For Norway spruce, significant higher recovery levels (P < .1; P < .05) were found in the rhizosphere samples within the low treatment at both time steps. 15 N recovery in the needles + stem was significantly higher (P < .01) in the high treatment, 6 weeks after labelling.
Species effects
Species effects were most evident in terms of tree biomass. Tree biomass (needles + stem and roots) of Norway spruce was often significantly higher (P < .05; P < .001) compared to Scots pine. This resulted in generally (not significantly) lower 15 N abundance levels for
Norway spruce compared to Scots pine. Despite the lower 15 N abundance levels, recovery levels of Norway spruce in the needles + stem and roots within the high treatment were often significantly (P < .1; P < .05) higher in Norway spruce compared to Scots pine.
Influence of time
To investigate seedling growth, tree biomass pool sizes (g) at 3 and 6 weeks after labelling were compared with the time before labelling (t 0 ). Compared to t 0 , significant increases were found at t 6 , for Norway spruce aboveground biomass (needles + stem) within the low treatment (P < .1) and for Norway spruce roots within the low (P < .05) and high (P < .1) treatment. To investigate changes in 15 N abundance over time, the abundance levels at 3 and 6 weeks after labelling were first compared with the natural abundance levels (t 0 ) to confirm that there was some actual 15 N uptake and release. As expected, 15 N abundance levels at t 3 and t 6 were in most cases significantly (P < .1; P < .01) higher Note: Given as mean ± standard deviation (n = 3). Bulk soil pool sizes (g) at week 6 are mean values of pool sizes at week 3, due to loss of the data. Significant differences between species (sp), treatments (tr) or time steps (t 0 or t) are given at levels: *** (P < .01), ** (P < .05) or * (P < .1).
in comparison with t 0 , except for the high treatment of Scots pine at t 3 . This was most likely affected by the high standard deviations. Actual changes in 15 N recovery from 3 to 6 weeks after labelling were small. However, significant increases in 15 N recovery were found within the high treatment of Scots pine in the needles + stem (P < .1), roots (P < .001) and bulk soil (P < .1). 15 N recovery in the rhizosphere of Norway spruce was significantly higher (P < .05) at t 3 compared to t 6 .
3.2.
N rhizodeposition
We used two different approaches to estimate 15 N rhizodeposition, the mass balance approach and the Janzen and Bruinsma equation [24] . 15 N recovery levels in the rhizosphere varied between 0.05 and 0.27 % and in the bulk soil between 0.04 and 0.89 % ( Figure 2 and Table 1 ). The relatively small pool sizes of the rhizosphere resulted in higher 15 N abundance levels in comparison with the bulk soil, but in lower recovery levels. 15 N recovery levels in both soil pools were often higher for Scots pine than for Norway spruce, but only significantly higher in the high treatment at t 6 (P < .1). For Scots pine, the 15 N recovery levels in the soil were generally higher in the low treatment compared to the high treatment, which were significantly higher in the bulk soil at both time steps (P < .1; P < .05). Scots pine 15 N recovery levels in the soil slightly increased over time, but significantly only in the high treatment at t 6 (P < .1). For Norway spruce, 15 N recovery levels in the soil (rhizosphere + bulk soil) were generally higher (not significantly) in the low treatment compared to the high treatment. 15 N recovery levels in the soil slightly decreased over time, except for the bulk soil pool within the low treatment at t 6 . The soil (rhizosphere + bulk soil) to root ratio (%Ndfr) defined by Janzen and Bruinsma [24] to estimate 15 N rhizodeposition was often higher for Scots pine than for Norway spruce, only significantly higher (P < .05) within the low treatment at 3 weeks after labelling. For both species %NdfR values were significantly higher within the low treatment compared to the high treatment (P < .1; P < .05). Variations over time were not significant. Both approaches showed similar trends in terms of treatments, species and time effects.
Discussion
Suitability of the split-root method
The main purpose of this paper was to test the suitability of the split-root method to measure 15 N rhizodeposition. The technique proved to be a suitable method for that Significant differences between species (sp) or treatments (tr) are given at levels: ** (P < .05) or * (P < .1).
purpose and could be applied to both treatments and tree species. Due to the pot growing conditions of the seedlings, both root systems consisted primarily of lateral roots, which made it easy to separate the roots into two parts without severe damage. We decided to use one pulse label instead of continuous flow or multiple pulses, because this approach provided information about the residence time of the applied 15 N in a specific N pool [3] .
Thereby, not all injected 15 N was taken up by the roots at the same time. A part remained at the 15 N side of the soil (Figure 2 ) for later plant uptake or was immobilized by microorganisms and not available anymore for plant uptake. The high variation between the replicates (n = 3) was most likely related to differences in tree biomass and possibly caused by an unequal separation of the roots in terms of size and mass. Unequal root separation would not only affect 15 N uptake by the roots, but due to the addition of natural abundance (NH 4 ) 2 SO 4 at the non-labelled side, this would also cause unequal 14 N incorporation and dilution in the replicates [25] . Variation between the replicates might have been reduced when seeds were used to self-grow the seedlings and to separate the roots in an early stage.
Measuring 15 N rhizodeposition
15 N rhizodeposition was estimated based on two approaches: (1) 15 N recovery (%) in the rhizosphere and bulk soil, and (2) the percentage of enriched soil, relative to the roots (%NdfR). Using both approaches we observed slightly higher 15 N rhizodeposition levels for Scots pine compared to Norway spruce seedlings. Despite the lower above-(needles + stem) and belowground (roots) pool sizes of Scots pine, their 15 N rhizodeposition was higher. A possible explanation is that Scots pine seedlings reached their maximum [17] in terms of 15 N storage and translocation to shoot and roots, and consequently released more 15 N to the soil. Furthermore, the extra released 15 N by Scots pine seedlings might consist of higher proportions of inorganic N as shown by Janzen [5] , which requires further identification of the N compounds. Comparing both approaches, we observed higher 15 N rhizodeposition within the low treatment in comparison with the high treatment. With increased addition levels, the percentage of enriched soil relative to the roots (%NdfR) or to the total mass balance (% 15 N rec ) decreased.
For both methods, the first assumption (homogenous 15 N distribution) was largely encountered when most N pools (needles + stem, roots and rhizosphere) were completely milled and mixed prior to the 15 N analysis. The bulk soil samples were not entirely milled because of the large pool sizes (approximately 2 kg). For the Janzen and Bruinsma method [24] , the second assumption (comparable 15 N abundance levels in both roots and rhizodeposits) was more difficult to meet because changes in root 15 N enrichment levels were not one-to-one related to changes in 15 N enrichment levels in the soil. 15 N levels in the roots could have been diluted due to shoot or root growth, causing overestimated results. Though, the remainder of 15 N in the soil ( 15 N side) might have contributed to a relatively constant uptake of 15 N by the roots. An important aspect related to the second assumption is time. The longer the duration of the experiment, the larger the potential for dissimilar 15 N abundance levels in both roots and rhizodeposits. In the current time frame (6 weeks), we saw that the roots did not take up all of the injected 15 N, possibly contributing to a relatively constant uptake of 15 N by the roots. With a longer duration of the experiment, it is expected to be more difficult to keep the tracer content of the roots constant over the growing period of the trees. This will then disqualify the use of the Janzen and Bruinsma equation [24] for calculating rhizodeposition. In that case, the tracer mass balance equation would be the only suitable approach [26] .
Conclusion
The split-root method proved to be suitable to measure 15 N rhizodeposition. The seedling roots could easily be separated in two parts for both tree species, and there was no 15 N contamination in the soil at the 14 N side of the split-root set-up. 15 N rhizodeposition was already visible at 3 weeks after labelling, for both tree species and for both low and high 15 N addition levels. In terms of 15 N rhizodeposition, some significant differences between the two treatments were observed, small trends between the two species, but no explicit trends over the time period of 6 weeks. These results offer potential applications of the method in studies related to 15 N rhizodeposition compound identification and its fate in the soil. Also, analysis of 15 N in various soil fractions can provide information about the stability of the 15 N rhizodeposits in the soil and ultimately about its contribution to soil organic compound stabilization.
